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Introduction

The covalent carbon-deuterium (C-D) bond is noticeably
stronger compared to a carbon-hydrogen (C-H) bond. This
difference in the bond strength opens many practical opportu-
nities. For example, comparison of the C-H bond and C-D
bond reactivity may be used in the study of reaction mecha-
nisms." In addition to mechanistic studies, deuterated starting
materials can be applied to alter the reaction selectivities in
total syntheses. This approach has been utilized in the syn-
thesis of pharmaceutical substances.” Recently, deuterium
substitution led to a very interesting application with the
enhancement of the metabolic stability of drugs. The larger
strength of the C-D bond in deuterated pharmaceutical sub-
stances leads to a higher effectiveness and lower toxicity in
comparison with those of the undeuterated analogs.? In view
of the recent advances in this field," the synthesis of new
deuterated substances is a demanded goal for organic and
pharmaceutical chemistry.

Heterocyclic molecules possess a diverse range of biological
activities and are ubiquitously used in many drugs.>”
Undoubtedly, the deuteration of heterocyclic cores is a
demanded research area to develop a new generation of drugs.
Isoxazoles demonstrate a wide range of biological activities
and are used in drug development.® However, all the methods
used previously to obtain deuterated isoxazoles had severe
limitations. In particular, deuterium sulfate or deuterium
chloride was used to introduce deuterium into the isoxazole
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reaction of calcium carbide with aldoximes is reported. Calcium carbide acts as a safe and inexpensive
acetylene source and, in addition, as a source of the Ca(OH), base to enable the generation of nitrile
oxide. Various 3-substituted isoxazoles were synthesized from the corresponding aldoximes in good
yields (up to 95%) and a series of new deuterated 4,5-dideuteroisoxazoles were prepared.

ring. Using this procedure, the starting isoxazole was treated
under harsh conditions with acidic reagents to obtain 4- or
5-deuteroisoxazoles (Scheme 1, path a).” This approach has
rather limited functional group tolerance.

The other way to yield 4- or 5-deuteroisoxazoles is the
sequential treatment of 4- and 5-halogenated isoxazoles with
butyl lithium and deuterium oxide (Scheme 1, path b).?
Additionally, 4- or 5-deuteroisoxazoles can be obtained by
lithium-mediated H-D exchange (Scheme 1, path c).'®” The
application of BuLi as a reagent imposes even more difficulties
with regard to the functional group tolerance. Highly air- and
moisture-sensitive aluminated isoxazoles can be used to
prepare 4-deuteroisoxazoles by reaction with DCI under glove-
box conditions (Scheme 1, path d).” A few other approaches to
deuteroisoxazoles have also been reported.'®

In this work, we propose a novel synthetic approach to
prepare isoxazoles with the facile ability for deuterium incor-
poration. This methodology is based on a 1,3-dipolar cyclo-
addition of nitrile oxide to acetylene or deuteroacetylene gen-
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Scheme 1 Known deuteration via the substitution reaction and the
developed atom-economical route via cycloaddition.
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erated in situ (Scheme 1). Here, calcium carbide acts as a safe
and readily available acetylene source.'* Nitrile oxide is gener-
ated from the corresponding chloroaldoximes in the presence
of a base."” Chloroaldoximes can be easily synthesized by
aldoxime chlorination with chlorine,"®* N-chlorosuccinimide
(NCS)** or other reagents."

Results and discussion

As a model process, the reaction of 4-tolualdehyde oxime 1a
and chlorinated derivative 2a with calcium carbide was
chosen. To test the proposed utilization of calcium carbide as
an acetylene source, we first studied the sequential transform-
ation (Table 1). Compound 2a was synthesized from 1a and
isolated, followed by a series of experiments utilizing 2a as a
starting material. First, we tested various solvents (entries 1-6,
Table 1) and obtained the best result with carbon tetrachloride
(entry 6, Table 1). Using triethylamine and pyridine as bases
gave the same yields (entries 6 and 7, Table 1).

Surprisingly, Ca(OH), formed in situ upon reaction of CaC,
with water was an excellent base in this process, and the result-
ing isoxazole was formed in 82% yield without the addition of
any extra base (entry 8, Table 1). The variation in the amount
of calcium carbide revealed that 2 mmol was a suitable value
(entries 8-10, Table 1). It should be noted that the reaction
proceeded in a good yield using 1 mmol of calcium carbide

Table 1 Optimization of the reaction conditions?

N-OH  base )
2a )I\ - [ p-Tol=N*-0O ] 3a
p-Tol~ ~ci HCI

sequential CaCy,

transformation NCS H,O

one-p_ot NCS, CaC,,

reaction ,OH H,O, base N ) H

1a | _— \ 4a
p-Tol H p-Tol H

Entry Substrate Solvent Base Yield, %
1 2a DMSO Et;N 28
2 2a Et,O Et;N 40
3 2a Benzene Et;N 81
4 2a CH,Cl, Et;N 77
5 2a CHCl; Et;N 75
6 2a CCl, Et;N 82
7 2a ccl, Py 81
8 2a CCl, — 82
9° 2a ccl, — 80
10° 2a CCl, — 66
11 1a ccl, — 82
12 1a CCl, Et;N 82
13 1a ccl, Py 80

“Reaction conditions: 1a or 2a (0.3 mmol), CaC, (2.0 mmol), H,O
(4.0 mmol), N-chlorosuccinimide (0.4 mmol, for reactions with 1a),
base (0 3 mmol), solvent (1.5 ml), 20 °C, 48 h; yields determined by
NMR. ? 3.0 mmol of CaC, and 6.0 mmol of H,O0 were used. 1.0 mmol
of CaC, and 2.0 mmol of H,O were used.
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(entry 10, Table 1), however an excess of this reagent improved
the selectivity by suppressing the side-reactions. Taking into
account the very low price of calcium carbide and the nontoxic
nature of generated calcium hydroxide, the usage of an excess
of calcium carbide is the synthetic procedure of choice for car-
rying out the reaction.

Next, we addressed the possibility of a one-pot reaction to
synthesize 4a directly from 1a (entry 11, Table 1). For this
transformation N-chlorosuccinimide was used to generate 2a
in situ. The yield in the one-pot reaction of 1a with NCS and
calcium carbide was identical compared to that of the corres-
ponding sequential process (entries 11 and 8, Table 1). The
application of Ca(OH), as a base was confirmed for the one-
pot reaction as well, where the addition of an extra base did
not change the product yield (entries 11 and 12, Table 1).

With the optimized conditions in hand, the substrate scope
with a variety of aldoximes was explored (Table 2). The reaction
worked well for a wide range of substrates with various func-

Table 2 One-pot reaction of aldoximes with CaC, and NCS**

(o)

-OH NCS, H,0O N~ H
L& —— ML
1a-y 4a-y

.0, o.
N ¥
\ N HCO N /
H3CO
HsC t-BU H;CO

4a 82% (81%)

.0,
N)\ /)

4£ 84% (77%)

4b 95% (95%)

g

49 95% (95%)

4c 91% (88%)

0,
0. 0. N~
e N N \ /
Br-
Br

4h 93% (92%)

4d 60% (59%)  4e 92% (90%)

4iT5% (T1%) 4] 87% (84%)

0.

g 0.
\ / N \/ \/
F
cl

4K T5% (72%)  4153% (47%)  4m 83% (78%)

cfdﬂff

4r 86% (86%

4n53% (50%) 4o 72% (72%)

(H3CeN

4p 63%° (63%) 49 44%° (44%)

4s 56% (53%

4t 93% (93%)

N
\ [

0. N
N \ ),
cl W, Br,
Cl
MeO o OEt
4w 62% (60%)
Br

“Reaction conditions: Aldoxime 1 (0.3 mmol), CaC, (2.0 mmol), H,O
(4.0 mmol), N-chlorosuccinimide (0.4 mmol), CCl, (1.5 ml), 20 °C,
48 h. ? The yields were determined by NMR, and the isolated yields are
given in parentheses. A 1:1 benzene-dichloromethane mixture was
used as a solvent.

4u94% (94%) 4V 67% (61%) 4x 88% (85%) 4y 82% (81%)
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tional groups, affording the desired isoxazoles in moderate to
excellent yields. The highest yields were observed for the reac-
tions of calcium carbide with 1b (95% yield), 1c and 1e (91%
and 92% yields), ortho-iodo- (1g) and ortho-bromo- (1h) deriva-
tives (95% and 93% yields), 1t and 1u (93% and 94% yields).
Benzaldoxime 1f gave 4f in good yield (84%), and aldoximes 1a,
1i-1k, 1m, 1o, and 1r also provided good yields (72-87%).
Anthracene derivative 1x and substrate 1y derived from (1R)-
(=)-myrtenal gave the desired isoxazoles in good yields (88%
and 82%, respectively). Overall, a facile transformation was
developed for the preparation of many products (Table 2).

Moderate yields of nitro-, dimethylamino- and acetamido-
derived products 4n-4q were related to the poor solubility of
the starting materials in the organic solvent. For the synthesis
of 4p and 4q, we tested other solvents (CH,Cl,, CHCl;, CCly,
benzene, CsHe—CH,Cl,, and CCl,-EtOAc), and a CsHg—CH,Cl,
mixture provided better isolated product yields of 63% and
44%, respectively.

For additional characterization, product 4z was synthesized
and the structure was established by X-ray analysis (see the ESI).

The application of calcium carbide provides an excellent possi-
bility for deuterium incorporation. Deuterated acetylene C,D, was
generated by the reaction of CaC, with D,0. The optimization of
the deuteration procedure involving varying the amounts of D,O
and the reagents, as well as changing the reaction conditions, was
carried out (entries 1-8, Table 3)."® As a result, an excellent overall
deuterium incorporation of 98% was observed under the opti-
mized conditions (entry 9, Table 3).

Table 3 Optimization of the reaction of 2,6-dichlorobenzaldoxime
with CaC,, D,O and NCS?

NCS, D,0
OH . ' .0 .0 o)
- CCly, 1t D N H N D
R™ "H R D R D R H
1 5 5| 5"

Product distribution

D,O 52, 5 +5"% 4P Deuterium
Entry (mmol) % % % incorporation®, %
1 2 80 18 2 89
2 4 82 16 2 90
3 8 86 12 2 92
4 10 82 16 2 90
5 8¢ 75 22 3 86
6 8% 86 12 2 92
7 8/ 89 10 1 94
8 8/¢ 92 7 1 96
9 8" 9 4 Trace 98

“Reaction conditions: Aldoxime 1u (R = 2,6-Cl,CsH3, 0.3 mmol), CaC,
(2.0 mmol), D,O (4.0 mmol), N-chlorosuccinimide (0.4 mmol), CCl,
(1.5 ml), 20 °C, 48 h. ” Determined by NMR according to the intensity
of the residual 'H signals. ¢ Overall deuterium incorporation into pro-
ducts = 5 + (5' + 5")/2. “The two-step sequence with succinimide
removal. ° The starting oxime was treated with D,O before the reaction
with CaC,.” The starting oxime was treated with a D,O-CDCl; mixture.
£1.5 mmol of CaC, was used. ”Starting aldoxime (0.25 mmol) and
NCS (0.3 mmol), with all other parameters the same as in entry 8.
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Table 4 Synthesis of deuterated isoxazoles (see Table 3 for reaction
and description)

Yield Deuterium
Entry R of 5, % incorporation®, %
1 4-MeCgH, 82 98
2 2-MeOCgH, 91 98
3 3-MeOC4H, 60 96
4 4-MeOC¢H, 92 96
5 Ph 84 94
6 2-ICcH, 95 98
7 2-BrCgH, 93 98
8 3-BrC¢H, 75 96
9 4-BrC¢H, 87 98
10 4-ClCgH, 75 98
11 3-FCcH,y 53 96
12 4-FCH, 83 98
13 2,3-(Me0),CgHj 86 97
14 3,4-(Me0),CoH; 56 98
15 2,4-Cl,CeH, 93 97
16 2,6-Cl,CoH, 94 98
17 Anthracene-9-yl 88 97
18 82 97

Using these optimized conditions, the deuteration process
was studied for different products (Table 4). In most cases,
>97% deuterium incorporation was observed. In only a few
cases, 94-96% overall deuterium incorporation in the 4- and
5-positions of the isoxazoles was found, which nevertheless are
also high-performance deuteration processes (Table 4).
Synthesized 4,5-dideuteroisoxazoles 5 were stable compounds
and were easily isolated by standard procedures. Purification
on silica was performed without a change in the deuteration
purity (see the ESIt).

It was of much interest to investigate the reaction mechan-
ism. First, the key role of calcium hydroxide formed in situ was
studied (Scheme 2). Two reactions were carried out using a
solution saturated with acetylene gas (an external source of
acetylene gas was used without the addition of CaC,). To one
reaction, the corresponding amount of Ca(OH), was added,
and both reactions were conducted under the same conditions
at 20 °C for 48 h. Indeed, product formation was observed only
in the presence of Ca(OH),.

H,0
£8 2 CaHz
=  -CaOH)2  getected
o by NMR
in situ .0
generated N\ / H
base
. R H
(] 4a
l/OH NCS -9 N
> L il
R™ H R” ¢l -CaCly b " .
N -H = p-Me!
1a 2a 20 3a o
detected by detected by
ESI-MS ESI-MS

Scheme 2 Proposed mechanism of isoxazole formation.
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The generation of acetylene in the studied system was con-
firmed by NMR (Scheme 2). Reaction monitoring with electro-
spray ionization mass-spectrometry (ESI-MS) helps in detecting
the corresponding peaks for chloroaldoxime 2a (m/z = 170.0369
[M + H]") and nitrile oxide 3a (m/z = 156.0416, [M + Na]"). The
advantage of the developed procedure was the controlled reac-
tion of calcium carbide with water, thus gradually releasing
gaseous acetylene and calcium hydroxide. A small concentration
of reactive intermediate 3a provided reliable conditions for the
reaction of interest and avoided side reactions.

Conclusions

To summarize, a simple procedure for the preparation of
3-substituted isoxazoles and novel 4,5-dideuteroisoxazoles was
developed. This procedure was based on the reaction of readily
available aldoximes and N-chlorosuccinimide with calcium
carbide. Calcium carbide acted as a safe and inexpensive
source of acetylene (C,H, and C,D,) and provided Ca(OH), to
mediate the reaction. A nontoxic inorganic salt, CaCl,, was
released at the end of the reaction, and the products were
easily separated. The replacement of acetylene with CaC,
allowed for the use of standard laboratory equipment (without
complicated equipment for high-pressure acetylene) and for
the easy incorporation of deuterium.

A combination of CaC, and D,O is an attractive option for
deuterium incorporation via atom-economical cycloaddition
reactions involving C,D,. Deuterium labeling via cycloaddition
has valuable advantages compared to substitution reactions,
which are not atom economical and possess poor functional
group tolerance. The studied route for in situ C,D, generation
has a valuable advantage in terms of not only a convenient
experimental procedure, but also cost-efficiency (C,D, gas in
balloons is highly expensive). We anticipate that the appli-
cation of this protocol will provide access to other valuable
heterocyclic and labelled molecules.

Experimental
General procedure for the synthesis of aldoximes 1

To a round-bottom flask equipped with a magnetic stir bar,
0.02 mol of the corresponding aldehyde and 0.022 mol of
hydroxylamine hydrochloride were added. Then, 15 ml of
ethanol and 5 ml of water were added, followed by 0.015 mol
of sodium carbonate (added in one portion). The resulting
mixture was stirred at room temperature for 24 hours. Then,
the solvent was evaporated, and the residue was washed with
water to remove inorganics and recrystallized from the appro-
priate solvent.

Sequential reactions for the synthesis of 3-substituted
isoxazoles 4 from chloroaldoximes and calcium carbide

The corresponding chloroaldoximes were synthesized by the
procedure reported previously.'” A reaction tube was loaded

This journal is © the Partner Organisations 2018
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with chloroaldoxime (0.3 mmol) and calcium carbide
(2 mmol). Then, 1.5 ml of CCl, (or toluene) was added, the
resulting mixture was stirred until a suspension formed, and
deionized water (4 mmol) was added. The reaction tube was
immediately sealed, and the mixture was stirred at room
temperature for 48 hours. After the reaction mixture was
filtered, the solid residue was additionally extracted with
chloroform. All organics were combined, and the solvent was
removed using a rotary evaporator. Then, the product was
purified by chromatography (hexane-ethyl acetate as an
eluent).

One-pot reaction for the synthesis of 3-substituted isoxazoles 4
from aldoximes and calcium carbide

A reaction tube was loaded with an aldoxime (0.3 mmol),
calcium carbide (2 mmol) and 04 mmol of
N-chlorosuccinimide. Then, 1.5 ml of CCl, was added, the
resulting solution was stirred until the oxime dissolved, and
then deionized water (4 mmol) was added. The reaction tube
was immediately sealed, and the mixture was stirred at room
temperature for 48 hours. After the reaction mixture was fil-
tered, the solid residue was additionally washed with chloro-
form. All organics were combined, and the solvent was
removed using a rotary evaporator. Then, the product was puri-
fied by chromatography (hexane-ethyl acetate as an eluent).

General procedure for the synthesis of 4,5-dideuteroisoxa-
zoles 5

All manipulations were carried out under an argon atmo-
sphere. Anhydrous reagents and solvents were used. CDCl;
was treated with Al,O; to avoid aldoxime E-Z isomerization in
CDCl; and was dried over molecular sieves to avoid D-H
exchange with the water contaminants in chloroform.

A reaction tube equipped with a magnetic stir bar was
loaded with the aldoxime (100 mg), 0.75 ml of CDCl; and
1.0 ml of D,O. The tube was sealed, and the mixture was
stirred at 37 °C for 120 hours. Then, the organic layer was sep-
arated, and the solvent was evaporated. The resulting
O-deuterated oxime was immediately used in the next step.

A reaction tube was loaded with p-aldoxime (0.25 mmol),
calcium carbide (1.5 mmol) and 0.3 mmol of
N-chlorosuccinimide. Then, 1.5 ml of CCl, was added, the
resulting solution was stirred until the oxime dissolved, and
then D,O (8 mmol) was added. The reaction tube was immedi-
ately sealed, and the mixture was stirred at room temperature
for 48 hours. After the reaction mixture was filtered, the solid
residue was additionally washed with a small portion of
chloroform. All organics were combined, and the solvent was
removed using a rotary evaporator. Then, the product was puri-
fied by chromatography (hexane-ethyl acetate as an eluent).
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